INTRODUCTION {#sec1-1}
============

A large number of drugs are crystalline in nature and also exhibit different crystal habits. Different habits of crystals affect the compression and tableting behavior.\[[@ref1]\] These crystal habits play an important role in influencing the flowability, compactability, compression characteristics, packing, and dissolution.\[[@ref2]\] When the mechanical properties of a drug are inadequate, a preliminary wet granulation with or without excipients is necessary which is a very tedious technique and has many inconveniences like additional labor, selection of binder and solvent, and is also uneconomical, time consuming, and so on.\[[@ref3]\] Nowadays, direct compression for tableting is required to make the process of tablet production economical. This process is again influenced by the particle properties of the drug.\[[@ref4][@ref5]\]

Nonconventional enlargement techniques of particle size employed in the field of pharmacy include extrusion spheronization,\[[@ref6]\] melt solidification,\[[@ref7]\] melt granulation,\[[@ref8]\] melt extrusion,\[[@ref9]\] and spherical crystallization (SC).\[[@ref10]\] Among them, SC developed by *Kawashima* *et al*., in the early 1990s has been considered effective in modification of the crystal nature and preparation of directly compressible agglomerates.\[[@ref11]\] Moreover, apart from modifications in the primary and secondary properties of the particles, these techniques also offer advantages in terms of reduction in the number of unit operations and, in turn, processing cost. The suitability of these techniques relies on the desired properties of the enlarged particle and the physicochemical properties of the drug and excipients used. To overcome the limitations of SC in obtaining directly compressible agglomerates of low-dose and poorly compressible drugs and combination of drugs, *Kadam* *et al*. advocated the crystallo-co-agglomeration (CCA) technique.\[[@ref12]\] CCA is a modification of an SC technique in which a drug is crystallized and agglomerated with an excipient or with another drug, which may or may not be crystallized in the system.

CCA is a novel particle-engineering technique, which aggregates crystals of drugs in the form of small spherical particles using excipients and solvents to develop an intermediate material with improved micromeritic and mechanical properties, solubility, and dissolution.\[[@ref13]\] The rate of dissolution of the drug from the agglomerates or compacts thereof can be improved and modified by using suitable excipients during the process of preparation of agglomeration.\[[@ref14][@ref15]\] Moreover, the agglomerates obtained by this technique can be employed as directly compressible tablet intermediates and/or spheres to be encapsulated. Various studies have been done for the drugs which have low aqueous solubility with poor physicochemical and physicomechanical properties like ibuprofen,\[[@ref13]\] a combination of ibuprofen and paracetamol,\[[@ref16]\] ketoprofen,\[[@ref17]\] naproxen,\[[@ref14]\] bromhexidine hydrochloride,\[[@ref18]\] and aceclofenac.\[[@ref19]\]

The present work reports a CCA technique used to prepare agglomerates of racecadotril, an antidiarrheal drug, the crystalline form consisting of long needles, which otherwise has low bulk density, very poor flow property as well as compressibility, and very low solubility in water which makes direct compression difficult. Therefore, racecadotril seems particularly unacceptable for the preparation of tablets. Moreover, large quantities of racecadotril are necessary, whereas it is generally desirable to obtain a tablet of a small size (between 10 and 15 mm in diameter at the most) to increase patient compliance. Furthermore, racecadotril is insoluble in water and this makes a rapid release of molecules by disintegration of the tablet more difficult.\[[@ref20]\] This work mainly focuses on the study of the influence of the processing conditions, that is, temperature of the crystallization system and rotational speed, and the various excipients either alone or in combination on the formation of CCA of racecadotril and its mechanical properties to obtain excellent flow, compaction, and highly efficient and improved material in terms of processability as well as for direct compression to tablets.

An excipient to be incorporated in the formation of agglomerates should have an affinity toward the bridging liquid. Talc, due to its hydrophobicity, undergoes preferential wetting with bridging liquids and is a suitable excipient for incorporation in agglomerates. Apart from talc, various hydrophilic and hydrophobic polymers have been used to study their effect on physicochemical and physicomechanical properties.

MATERIALS AND METHODS {#sec1-2}
=====================

Materials {#sec2-1}
---------

Racecadotril was procured from Ogene Systems (I) Pvt Ltd., Hyderabad, India. Lactose monohydrate and carbopol were purchased from Merck Pvt. Ltd., Mumbai, India. Talc, chitosan, hydroxypropyl methylcellulose (HPMC) E50 LV, hydroxypropyl cellulose (HPC), methylcellulose (MC), ethylcellulose (EC), polyvinylpyrrolidone (PVP) K30, and polyethylene glycol (PEG) 400 and PEG 6000 were purchased from Hi-Media Ltd., Mumbai, India. Eudragit RS 100, Eudragit S 100, and Eudragit L 100 were gifted by the Evonik Degussa Incorporation, Mumbai, India. Carbopol was obtained from Noveon Corporation, Mumbai, India. All other solvents and chemicals used were of analytical grade (Hi-Media Ltd., Mumbai, India).

Methods {#sec2-2}
-------

### Selection of the solvent system {#sec3-1}

The solubility study of racecadotril was performed to select good solvents and poor solvents for the drug. Various solvents ranging from highly polar to nonpolar were tried for this study. About 2 mL of each solvent was taken and an excess quantity of the drug was added in it. These saturated solutions were then kept for 24 hours in a cryostatic constant temperature reciprocating shaker bath at a temperature of 25 ± 1°C with constant shaking at 120 rpm (rpm: Revolutions per minute). The saturated solutions were then filtered and the concentration of drug in the solution was measured at 231 nm using an ultraviolet (UV)-visible spectrophotometer (Shimadzu, Japan). The solubility study was repeated three times in the same manner to obtain reproducible results.

### Preparation of agglomerates {#sec3-2}

On the basis of the solubility data, good and poor solvents were identified and selected for preparing CCA of racecadotril. A crystallization protocol was designed in which the drug was dissolved in good and poor solvent dropwise, which was stirred using a four-blade mechanical stirrer in Morishima vessel. The stirring was continued for about 15 minutes. The stirring was stopped when the overall mixture appeared clear at the top and the particles settled down. The agglomerates generated were filtered and dried at room temperature. Various excipients were used either alone or in combination by dissolving in either good or poor solvent before the experiment was started, to study its effect on the formation of CCA and optimization of their concentrations to obtain agglomerates of desired properties.

### Design of the experiment {#sec3-3}

After a preliminary optimization of polymers, a 3^2^ full factorial design was used in this study for the effect of two independent variables (concentration of PEG 6000 and speed), each at three levels; experimental batches were performed at all nine possible combinations. The mean geometric diameter (mm), circularity factor and crushing strength (g) were selected as dependent variables. The data were subjected to surface methodology to determine the effect of concentration of PEG 6000 (X~1~) and speed (X~2~) on the various dependent variables. Three dependent variables were selected, that is, mean geometric diameter (Y~1~), circularity factor (Y~2~), and crushing strength (Y~3~). The values of variables in a 3^2^ factorial design are indicated in [Table 1](#T1){ref-type="table"}. A statistical model incorporating interactive and polynomial terms was used to calculate the responses.

###### 

The 3^2^ full factorial experimental design
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Y = b~0~ + b~1~ X~1~ + b~2~ X~2~ + b~12~ × X~1~X~2~ + b~11~ X~1~^2^ + b~22~ X~2~^2^

where Y is the dependent variable, b~0~ is the arithmetic mean response of the nine trials, and b~i~ (b~1~, b~2~, b~12~, b~11~, and b~22~) is the estimated coefficient for the corresponding factor X~i~ (X~1~, X~2~, X~1~ X~2~, X~12~, and X~22~), which represents the average result of changing one factor at a time from its low to high value. The interaction term (X~1~ X~2~) shows how the response changes when two factors are simultaneously changed. The polynomial terms (X~1~^2^ and X~2~^2^) are included to investigate the nonlinearity.

### Micromeritic study {#sec3-4}

The size and size distribution of prepared agglomerates was analyzed using an optical microscopy method. The size of 100 randomly selected agglomerates was measured and appropriate geometric mean diameter (d~g~) was calculated.\[[@ref21]\]

### Sphericity determination {#sec3-5}

Photomicrographs of the prepared agglomerates were taken using a charge-coupled device camera at a fixed magnification. The photomicrographs of the agglomerates were observed for sphericity determination. Shape factor (P) and circularity factor (CF) for the agglomerates were obtained from the area (A) and perimeter (P').\[[@ref22]\] The tracings of enlarged photomicrographs of agglomerates were used for the measurement of area and perimeter.

P = P"/P'

where P" =2π (A/π)^½^

Circularity factor (CF) = (P')^2^/4πA

### Crushing strength {#sec3-6}

The crushing strength of the prepared agglomerates (n = 5) was determined by mercury loaded cell method described by Jarosz and Parrot.\[[@ref23]\] The total weight of the tube with mercury, at the stage where the agglomerate broke was the crushing strength of the agglomerate.

### Drug content and percentage yield {#sec3-7}

Drug content is the experimentally measured and racecadotril content is expressed as percentage (%).\[[@ref17]\] The accurately weighed agglomerates of racecadotril were dissolved in methanol in a 50 mL volumetric flask. These solutions were appropriately diluted with the same medium and the racecadotril content was measured by a UV spectrophotometer at 231 nm. The experimental racecadotril content was calculated using calibration equation.

\% yield of agglomerates was calculated using the formula:
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### Flowability {#sec3-8}

In this study, the angle of repose, compressibility index, and Hausner ratio (HR) were determined to evaluate the flow behavior of the prepared agglomerates.

Angle of repose

Angle of repose is the internal angle between the surface of a pile of powder and the horizontal axis.\[[@ref24]\] This is the maximum angle possible between the surface of a pile of powder or granules and the horizontal plane.\[[@ref25]\] It is the easiest and most commonly used test for powder flowability.\[[@ref26]\] The angle of repose was measured by a fixed funnel method described by Pilpel.\[[@ref27]\] According to the flow properties of the material to be tested, funnels with or without stem, with different angles and orifice diameters are used. The end of a funnel was placed 2 cm above a flat base. The powder or agglomerate was released from the funnel. From the height of the cone (h) and the radius of the base (r), the angle of repose (α) was determined by using the following equation:
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Carr\'s compressibility index and HR

The bulk and tapped densities were used to calculate the compressibility index (Carr\'s compressibility index, CI) and HR. The CI is a measure of the propensity of a powder to consolidate.\[[@ref28]\] The preliminary results showed that after 1,250 taps, the volume change was negligible for all the samples. So, the samples were tapped 1,250 times in this experiment. Changes occurring in the packing arrangement during the tapping procedure are expressed as the CI. The CI of the samples can be computed from the bulk and tapped densities by the following equation:\[[@ref29]\]
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The greater the compressibility of a bulk solid, the less flowable it will be. Compressibility can therefore be used to indirectly assess properties such as uniformity in size and shape, deformability, surface area, cohesion, and moisture content of the material.\[[@ref29]\]

Alternatively, HR was calculated using the measured values of bulk density and tapped density as follows:\[[@ref30]\]
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### Moisture content {#sec3-9}

Moisture content of the prepared agglomerates was determined by infrared (IR) moisture balance; 5 g of agglomerates was used for the determination of moisture content. The agglomerates were separately placed in a heating pan and heated at a temperature of 105°C for four hours. The percentage reduction in the weight of the agglomerates due to loss of moisture was measured for the determination of moisture content. The average of three determinations was considered as the percentage of moisture content.

### In vitro dissolution study {#sec3-10}

*In vitro* dissolution studies for pure drug and prepared agglomerates were performed using United States Pharmacopeia (USP) type I dissolution apparatus (paddle type) to measure the drug release from agglomerates; 900 mL of acetate buffer pH 4.5 containing 1% sodium lauryl sulfate was used as a dissolution medium at 37 ± 0.5°C and 100 rpm \[as per Indian Pharmacopoeia (IP) 2007\]. Aliquots of 5 mL were withdrawn at predetermined time intervals and replaced with the same amount of dissolution medium. After suitable dilution with the dissolution medium, the samples were analyzed spectrophotometrically at 231 nm and the cumulative percentage drug released was calculated.

### Characterization of optimized agglomerates {#sec3-11}

Surface topography

Photomicrographs of the prepared agglomerates were taken using a charge-coupled device camera at a fixed magnification. The photomicrographs of the agglomerates were observed for surface morphology and sphericity.\[[@ref14]\]

### Measurement of packability {#sec3-12}

Kawakita analysis

The packing ability of the samples was investigated by tapping them into a measuring cylinder using a tapping machine. Initially, 10 g of optimized agglomerates was weighed and then gently poured into a measuring cylinder. The volume of the 10 g sample was recorded. The poured density (minimum density) was calculated from the powder mass (10 g) and the volume. Then the cylinder was tapped and the volume was recorded after 10, 20, 30, 50, and 100, followed by an increment of 100 taps until the volume remained significantly unchanged. The packability was calculated by the Kawakita equation:\[[@ref31]\]
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where *a* and *b* are the constants, *n* is the tap number, and *C* denotes the volume reduction which can be calculated according to the following equation:
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where *V~o~* and *V~n~* are the bed volumes of the powder or agglomerate at the initial and n^th^ tapped states, respectively. The value of *a* indicates total volume reduction due to tapping of powder or agglomerates and *b* is inversely proportional to the yield strength of the agglomerates. The values of *a* and *b* were used to study the flow and compression behavior of the agglomerates. The combination of Kawakita parameters *a* and *b*^-1^ may thus be indicative of the incidence of particle rearrangement during compression, that is, the relative importance of the initial stage for the overall compression behavior.\[[@ref32]\]

Kuno\'s analysis

The relationship between the change in apparent density and the number of tappings described by Kuno in 1979\[[@ref33]\] is

![](IJPI-2-189-g008.jpg)

where *ρ*~t~ is the apparent density at equilibrium, *ρ*~n~ the apparent density at the nth tapped state, *ρ*~o~ the apparent density at the initial cascade state, and the constant *K* represents the rate of packing process under tapping.\[[@ref34]\]

### Heckel plot analysis {#sec3-13}

The accurately weighed quantity of samples was compressed by a hydraulic press (Technosearch Instruments, Mumbai, India) at a constant compression at different pressures for one minute of dwell time.\[[@ref15]\] Lubrication of dies and punches was carried out by 1% w/v dispersion of magnesium stearate in acetone. The compacts were allowed to relax for 24 hours in a vacuum at an ambient temperature and the data obtained was subject to the Heckel plot using the following equation:
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where *D* is relative density of the compacts, that is, the ratio of compact density to true density of powder, *P* is the applied compression pressure, and k and A are constants.\[[@ref35]\] The reported mean yield pressure, *Py*, is the reciprocal of the slope *k*, which was calculated using linear regression in a pressure range determined separately for each material. The constant A expresses the densification at low pressure. *k* is equal to 1/3σ~0~ where σ~o~ is yield strength and 3σ~0~ is mean yield pressure (*Py*). Here, density of the prepared compacts for the Heckel parameter was calculated from the volume of compacts and mass of compacts.

### Elastic recovery {#sec3-14}

The elastic recovery (ER) was determined by filling a specific quantity of optimized agglomerated and drug crystals in a die-specific diameter, the surface of which was coated with magnesium stearate in advance; then, the universal tensile compression tester was used to compress the samples at a constant speed.\[[@ref14]\] The thickness of the compacts was measured immediately after ejection (Hc) and after the 24-hour relaxation period (He). The following equation was used to calculate the elastic recovery;\[[@ref36]\]
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### Stability study {#sec3-15}

Stability testing of drug products begins as a part of drug discovery and ends with the demise of the compound or commercial product. The United States Food and Drug Administration (US FDA) and International Conference on Harmonization (ICH) specifies the guidelines for the stability testing of new drug products, as a technical requirement for the registration of pharmaceuticals for human use. According to the guidelines of the ICH, the optimized agglomerates were stored at 40 ± 0.5°C and 75 ± 5% relative humidity (RH) for six months.\[[@ref36][@ref37]\] The samples were withdrawn at different intervals and analyzed. If a significant change had occurred under these stress conditions, then the formulation would have had to be tested at an intermediate condition, that is, 30°C and 75% RH. In the present work, stability studies were carried out for the selected formulations at 40 ± 0.5°C and 75 ± 5 % RH for six months using a programmable environmental test chamber (Remi, India). The optimized formulation was evaluated for drug content and all dependent variables.

RESULTS AND DISCUSSION {#sec1-3}
======================

Selection of the solvent system {#sec2-3}
-------------------------------

The selection of the solvent system for the agglomeration process depends on solubility and stability of the drug in the solvent system. Water has been reported as a processing (bad solvent/external phase) medium, and organic solvents (relatively nontoxic) as good solvents (internal phase) and/or bridging liquids in the system design. This sort of solvent selection has been suggested due to scarce requirement of organic solvent (as a good solvent as well as bridging liquid) than that of bad solvent (aqueous external phase) requirement. The bridging liquid should carry out preferential wetting of crystals and form liquid bridges during the process of agglomeration. Simultaneously, the bridging liquid should be immiscible with a bad solvent. If the bridging liquid acts as a good solvent, it means that it performs the dual role of acting as a good solvent and a bridging liquid. Then the good solvent used should be immiscible with the bad solvent to avoid drug loss due to cosolvency.

The amount of bridging liquid required can be decided by trial and error. It has been observed that the addition of an inadequate amount of bridging liquid shows underwetting of crystals resulting in the generation of smaller sized agglomerates with more number of fines and excess addition of bridging liquid generates bigger sized agglomerates requiring more processing time for completion of the agglomeration process. For selection of a good solvent, the rotary shake flask method was used. The solubility study was carried out using a number of solvents \[i.e., water, ethanol, dichloromethane (DCM), acetone, methanol, benzene, chloroform, dimethylformamide, ethyl acetate, hexane, and toluene\]. Solubility of the drug was determined in various solvent systems and the result is depicted in [Figure 1](#F1){ref-type="fig"}. From [Figure 1](#F1){ref-type="fig"}, it is seen that the drug has the highest solubility in DCM and lowest in water. So, it was concluded that DCM would be considered as a good solvent and water would be a poor solvent.

![Solubility profile of racecadotril in solvent systems](IJPI-2-189-g011){#F1}

Preliminary optimization {#sec2-4}
------------------------

Plain drug agglomerates (without excipients) have shown poor resistance to breaking, poor compressibility, and low compactibility due to inherent poor cohesiveness of the drug. Therefore, it has been suggested to improve these properties by the addition of various polymers like HPMC, PEG, EC, Eudragit, chitosan, and so on. It has been reported that agglomerates obtained by the optimum addition of Eudragit RS 100 imparts sufficient mechanical strength and sphericity to the agglomerates, whereas its excess addition leads to the deformation of agglomerates. PEG causes a reduction in the interfacial tension between water and the bridging liquid resulting in a reduction in the force of cohesion between particles. This leads to the generation of spherical agglomerates with a smaller size. PEG, due to its soft and plastic nature, undergoes plastic deformation and gives better compressibility to the agglomerates during the process of compression. The EC being hard and tough in nature increases the strength of agglomerates. However, due to its solubility in the bridging liquid (organic solvent), it imparts higher viscosity to the internal phase resulting in increased interfacial tension. The increased viscosity retards the diffusion of the bridging liquid, hampers nucleation and crystal formation, and increases the time for completion of the agglomeration process. The details of all preliminary batches have been summarized in [Table 2](#T2){ref-type="table"}. Promising results were observed with the combination of Eudragit RS100 and PEG 6000.

###### 

Preliminary trials
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On the basis of preliminary trials, Eudragit RS 100 (0.4%) was selected as the optimum polymer and its amount was kept constant in all the batches. Due to its solubility in acetone, it was solubilized in a small amount of acetone and then mixed with good solvent, that is, DCM. The second polymer PEG 6000 gave promising results as shown in [Table 2](#T2){ref-type="table"}. Due to good aqueous solubility, PEG 6000 was added in a poor solvent, that is, water, of the system. Further, the effect of speed and concentration of PEG 6000 on the properties of prepared formulations were also analyzed by using the design of the experiment.

Experimental design (3^2^ full factorial design) {#sec2-5}
------------------------------------------------

Preliminary investigations of the process parameters revealed that factors such as concentration of PEG 6000 (X~1~) and rotational speed (X~2~) exhibited a significant influence on the mean geometric diameter (mm), circularity factor, and crushing strength (g); hence, they were utilized for further systematic studies. All the three selected dependent variables, mean geometric diameter (d~g~), circularity factor (CF), and crushing strength (CS) for all the nine batches showed a wide variation of 0.229-0.521 mm, 0.792-1.123, and 27.89-48.23 g, respectively \[[Table 3](#T3){ref-type="table"}\]. The data clearly indicate the strong influence of X~1~ and X~2~ on selected responses (d~g~, CF, and CS). The polynomial equations can be used to draw conclusions after considering the magnitude of the coefficients and the mathematical sign carried, positive or negative. For d~g~, coefficients *b*~11~, *b*~22~, and *b*~12~ were found to be insignificant, as *P* values were more than 0.05 and hence removed from the full model. Similarly, for CF and CS, values of *b*~11~, *b*~22~, and *b*~12~ were insignificant and hence removed from the full model \[[Table 4](#T4){ref-type="table"}\]. [Table 5](#T5){ref-type="table"} shows the results of analysis of variance (ANOVA) performed to justify the removal of insignificant factors. The high values of correlation coefficients for d~g~, CF, and CS indicate a good fit. The critical values of *F* for d~g~, CF, and CS were found to be 9.28 (DF =3, 3) at α =0.05 Moreover, the calculated F value for dg, CF, and CS, was found to be 0.4575, 1.8252, and 2.4537, respectively, less than the critical value, which suggests no significant difference between the full and reduced model. The data of all the nine batches of factorial design were used to generate interpolated values using the Design Expert^®^ version 8 software.

###### 

Results of experimental design batches^\*^
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###### 

Summary of regression analysis^\*^
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###### 

Calculation of testing the model in portions^\*^
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### Influence of formulation composition factor on geometric mean diameter {#sec3-16}

The major aim of the present investigation was to improve the micromeritics, flowability, and mechanical properties of racecadotril. The particle size of the pure drug was sufficiently increased and the results are shown in [Table 3](#T3){ref-type="table"}. The contour plot for the geometric mean diameter \[[Figure 2](#F2){ref-type="fig"}\] illustrates the strong influence of two factors (concentration of PEG 6000 and speed). The d~g~ of 0.521 mm was observed with PEG 6000 at 0.50% and speed at 600 rpm. From the regression analysis, it was clearly observed that the concentration of PEG has a positive effect and speed has a negative effect on d~g~. Increase in the diameter of the agglomerates with increase in PEG concentration might be attributed to the ability of PEG to bind the growing crystals during the process. As seen in [Figure 2](#F2){ref-type="fig"}, the d~g~ reduces with increase in the rotational speed.

![Effect of independent variables on geometric mean diameter (d~g~)](IJPI-2-189-g016){#F2}

### Influence of formulation composition factor on circularity factor {#sec3-17}

The circularity factor of each optimized batch was calculated using the area and perimeter of the agglomerates and the average was considered. Area (A) and perimeter (P') of the agglomerates was calculated using traced photomicrographs of the agglomerates. The results revealed in the shape and circularity factors near unity (1) showed that the agglomerates possess perfect spherical shape. The contour plot for the circularity factor \[[Figure 3](#F3){ref-type="fig"}\] illustrated a strong influence of both the factors (concentration of PEG 6000 and speed). The CF of 1.056 was observed with PEG 6000 at 0.50% and speed at 1000 rpm. From the regression analysis, it was clearly observed that the concentration of PEG and speed have a positive effect on CS. The encouraging results of flow properties and compressibility parameters were mainly because of improving sphericity of prepared crystal-co-agglomerates. Thus, the presence of suitable additives was required to produce agglomerates with spherical shape and smooth surface to provide excellent flow and compaction.

![Effect of independent variables on circularity factor (CF)](IJPI-2-189-g017){#F3}

### Influence of formulation composition factor on crushing strength {#sec3-18}

Randomly selected agglomerates from each batch were tested for the determination of CS. The total weight of mercury and weight of the plunger to fracture/deform the agglomerate was considered as CS. The contour plot for crushing strength \[[Figure 4](#F4){ref-type="fig"}\] illustrated the strong influence of two factors (concentration of PEG 6000 and speed). The CS of 48.23 g was observed with PEG 6000 at 0.50% and speed at 600 rpm. From the regression analysis, it is clearly observed that the concentration of PEG has a positive effect and speed has a negative effect on CS but the magnitude of X~1~ was reasonably higher than the X~2~. CS of the prepared agglomerates was increased with PEG concentration. As seen in [Figure 4](#F4){ref-type="fig"}, the CS reduces with increase in the rotational speed. It might be due to the formation followed by entrapment of air bubbles within the matrix of agglomerates. The results of crushing strength of CCA showed that the presence of excipients improved the strength of the agglomerates. This could be attributed to the increased agglomeration of crystals with good bridging due to the presence of suitable additives. Improved crushing strength of the agglomerates revealed the improvement in mechanical and handling properties. Increased cohesive interaction between particles caused better binding and close packing between crystals.\[[@ref16]\]

![Effect of independent variables on crushing strength (CS)](IJPI-2-189-g018){#F4}

Agitation of the crystallization system is required to aid the process of dispersion from internal phase to external phase. It has been reported that the speed of the agitation affects size, sphericity, and strength of crystal agglomerates. A higher speed of agitation increases the sphericity of the agglomerates but reduces the strength. The time required for the completion of agglomeration process gets diminished with a higher speed of agitation.

Optimization of CCA {#sec2-6}
-------------------

From the overlay plot \[[Figure 5](#F5){ref-type="fig"}\], the optimized batch was prepared at X~1~ = 0.495 and X~2~ = 815 and performed practically. It was determined by the Design Expert^®^ software. On the basis of the criteria for the desired response, the following batch was formulated to evaluate the reliability of the evolved equations. The experimental values and predicted values of each response are presented in [Table 6](#T6){ref-type="table"}. The percentage relative error of each response was estimated using the following equation:

![Overlay plot of desirability of all dependent variables](IJPI-2-189-g019){#F5}

###### 

Comparison between predicted and experimental results of optimized batch
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The percentage relative errors for all responses of check point batch were in the range of acceptance. It was concluded that the experimental values were in excellent agreement with theoretical values. This proved the validity of the equations and selected experimental design.

[Figure 5](#F5){ref-type="fig"} shows the overlay plot of desirability in terms of high d~g~ and CS as well as optimum CF of all prepared batches. From [Figure 5](#F5){ref-type="fig"}, it is seen that X~1~ at 0.495% and X~2~ at 815 rpm required increased circularity and crushing strength with optimum mean geometric diameter.

The percentage relative error obtained from the optimized batch was in the range of 3.0215-6.9414. It can be seen that in all the cases, there was a reasonable agreement of predicted values and experimental values, as low values of relative error were found. This confirmed the role of a derived reduced polynomial equation, proved the validity of the model, and ascertained the effects of PEG and speed on dependent variables. Furthermore, the optimized batch was characterized by various evaluation methods.

Percentage yield and drug content {#sec2-7}
---------------------------------

The total yield of agglomerates was determined by dividing the measured weight with the weight of the total amount of nonvolatile compound. In the process of CCA, simultaneous crystallization and agglomeration of particles took place leading to the formation of matrix agglomerates having a uniform dispersion of the crystallized drug. The percentage yield of the agglomerates was in the range of 90-96% w/w and almost all the batches showed drug loading \>95% \[[Table 7](#T7){ref-type="table"}\]. It revealed that the drug and polymer (s)/excipient (s) were recrystallized at the greater extent to form agglomerates without any considerable wastage of drug.

###### 

Percentage yield and drug content of experimental design batches^\*^
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Micromeritics study {#sec2-8}
-------------------

The formed agglomerates of all batches were very good in shape and circularity. According to the literature, materials with CI values between 5 and 15% have very good flowability. A statistically insignificant difference was observed in the values of CI for different batches of CCA \[[Table 8](#T8){ref-type="table"}\] suggesting that the agglomerates of all batches have an excellent flowability as compared to the pure drug. Moreover, the angle of repose of all batches was below 30, indicating a very good flow. Furthermore, small values of Hausner ratio in the agglomerates compared to the pure drug suggest an improvement in the flow property of agglomerates and ease of handling. This helps in producing a uniform batch of agglomerates for oral delivery. The shape of the particles of the pure drug resulted in more electrostatic charges which ultimately lead to very poor flowability.\[[@ref38]\] The prepared agglomerates showed a fluffy texture which might hinder its flow. The agglomerates prepared in the presence of polymers/excipients showed improvements in flow due to reduced interparticulate friction.\[[@ref39]\]

###### 

Results of micromeritic properties of design experiment batches^\*^
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Moisture content {#sec2-9}
----------------

Moisture content of the agglomerates is an important parameter in deciding the stability of the moisture-sensitive actives. Methods like IR moisture balance have been recommended for the determination of moisture, which gives a direct indication of the weight loss relative to the percentage of moisture. Moisture content of the agglomerates depends upon the amount and type of polymer (s)/excipients (s) employed in the formulation. Moisture content of the prepared agglomerates was found to be between 1.05 and 2.13 %. These findings suggest that it was not extreme enough to affect the stability of the agglomerates.

*In vitro* dissolution study {#sec2-10}
----------------------------

All the batches of the agglomerates showed \>95% drug release within two hours \[[Figure 6](#F6){ref-type="fig"}\]. The drug release profile \[[Figure 6](#F6){ref-type="fig"}\] showed an improvement in the percentage of drug dissolved from the agglomerates compared to the pure drug. Improvement in dissolution might be due to the presence of hydrophilic polymer in agglomerates.

![Dissolution profiles of pure drug and prepared agglomerates](IJPI-2-189-g024){#F6}

Surface topography {#sec2-11}
------------------

Photomicrographs of the optimized agglomerates showed a marked improvement in the surface morphology and sphericity compared to pure drug \[[Figure 7](#F7){ref-type="fig"}\]. As shown in \[[Figure 7a](#F7){ref-type="fig"}\], the pure drug crystals were morphologically needles and rods with more aspect ratio, whereas the optimized agglomerates \[[Figure 7b](#F7){ref-type="fig"}\] showed encouraging results in terms of improved sphericity as well as surface smoothness. The results revealed shape and circularity factors near unity (1.0) \[Tables [3](#T3){ref-type="table"} and [8](#T8){ref-type="table"}\].

![Photomicrograph of (a) pure drug and (b) optimized agglomerates](IJPI-2-189-g025){#F7}

Packability and compressibility parameters {#sec2-12}
------------------------------------------

As shown in [Table 9](#T9){ref-type="table"}, increased values of *a* (compressibility or extent of densification due to tapping) and decreased value of *b*^-1^ (cohesiveness or how fast/easily the final packing state was achieved) compared with the values of the pure drug in the Kawakita equation is an indication of the improvement in packability of the agglomerates compared with the pure drug. Increased values of *K* (Kuno\'s constant) compared with the pure drug revealed marked improvements in compressibility and packability of the agglomerates obtained with the use of additives.

###### 

Packability parameters of drug and optimized agglomerates

![](IJPI-2-189-g026)

Heckel plot analysis {#sec2-13}
--------------------

In the Heckel analysis, the true density of tablets was considered when the highest pressure (60 MPa for agglomerates and 40 MPa for crystals of drug) was applied on the powder/agglomerates.\[[@ref40]\] The optimized agglomerates exhibited a significant improvement in the packability compared to the pure drug \[[Figure 8](#F8){ref-type="fig"}\]. The improvement in true density in the agglomerates compared to the pure drug was also an indication of enhanced compaction. The evaluated constants of the Heckel plot of the pure drug and optimized agglomerates are depicted in [Table 10](#T10){ref-type="table"}. It was further confirmed that the elastic recoveries of the agglomerated crystals were smaller than those of the original drug crystals \[[Table 10](#T10){ref-type="table"}\].

![Heckel plots of drug and optimized agglomerates](IJPI-2-189-g027){#F8}

###### 

Compressional and elastic recovery study

![](IJPI-2-189-g028)

The slope of the Heckel plot k indicates the plastic behavior of the material \[[Figure 8](#F8){ref-type="fig"}\]. The larger the value of k, the more superior the plasticity of the material. The linearity in the Heckel plot was an indication of plastic deformation during compression. Furthermore, A value of the optimized agglomerates was less than of the pure drug. This result suggested that a low compression pressure was required to attain the closest packing of the agglomerates, fracturing of the texture, and densifying of the fractured particles.\[[@ref41]\] The low value of yield strength was again an indication of low resistance to pressure, good densification, and uncomplicated compaction.\[[@ref42]\] Thus, the Heckel plot data suggested that the agglomerated crystals were fractured easily and the new surface of crystals generated might contribute to promote plastic deformation under compression.\[[@ref43]\] Again, smaller elastic recoveries in the case of the agglomerated crystals proved the above findings.

*In vitro* dissolution study of optimized agglomerates {#sec2-14}
------------------------------------------------------

The optimized agglomerates showed higher dissolution as compared to the pure drug \[[Figure 9](#F9){ref-type="fig"}\]. The improvement in dissolution might be due to the reduction of crystallinity which is under further investigation.

![*In vitro* dissolution profile of optimized batch and pure drug](IJPI-2-189-g029){#F9}

### Similarity factor (f~2~) {#sec3-19}

The similarity factor (*f*~2~) as defined by the FDA is logarithmic reciprocal square root transformation of the sum of squared error and is a measurement of the similarity in the percentage (%) dissolution between the two curves. It is calculated by following equation:

![](IJPI-2-189-g030.jpg)

where, n = number of time points

R~t~ = % dissolved at time t of reference product (pre change)

T~t~ = % dissolved at time t of test product (post change).

Similarity factor *f*~2~ is used to check the similarity between release profile of the reference standard and the test formulation. It is adopted by the FDA Center for Drug Evaluation and Research (CDER) as an assessment criterion of similarity between different *in vitro* profiles, and its value ranges from 50 to 100; a value larger than 50 shows similarities.\[[@ref44][@ref45]\] Therefore, the pure drug were taken as a reference standard. The calculated value for *f*~2~ was 45.85, which was found to be less than 50, which shows difference between the release profiles of the pure drug and optimized agglomerates.

Stability study {#sec2-15}
---------------

Stability is defined as the ability of a particular drug or dosage form in a specific container to remain within its physical, chemical, therapeutic, and toxicological specification. Drug decomposition or degradation occurs during stability, because of the chemical alteration of the active ingredients or due to product instability, lowering the concentration of the drug in the dosage form. The results after the stability period are given in [Table 11](#T11){ref-type="table"}. Results of the stability study show no remarkable change in the all selected responses.

###### 

Results of stability testing^\*^

![](IJPI-2-189-g031)

CONCLUSION {#sec1-4}
==========

The CCA technique can be successfully employed as an alternate to conventional wet granulation. The agglomerates of racecadotril were obtained with excellent physicomechanical properties. They possessed increased particle size, sphericity, and crushing strength resulting in excellent flowability and packability due to reduced interparticulate friction. The dissolution study of the prepared agglomerates showed slight enhancement in the rate of drug release compared to the pure drug. The presence of suitable excipients is important, and again, optimization of excipient concentration is essential to obtain agglomerates with desired properties. The systematic approach enables us to obtain ready-to-compress agglomerates of active pharmaceutical ingredients by using the novel CCA technique and avoiding the time-consuming traditional wet granulation method.
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